Objective: Prone bridge exercise is one of the core strengthening exercise for improving abdominal, lower and upper extremity muscles. In addition, coactivation of the trunk muscles and extremities is important for treatment of low back pain. This study aimed to investigate the correlation between the thickness, cross-sectional area of the target muscle, and endurance during prone bridge exercise. Our hypothesis was that an increase in muscle thickness is positively related to the hold time for the static prone bridge exercise. Design: Cross-sectional study. Methods: Fourteen healthy university students (8 men and 6 women) voluntarily participated in the study at Sahmyook University. Hold time for the prone bridge with one and both legs was measured. The resting and contracted thickness of the lateral abdominal, rectus femoris, and triceps muscles was measured using rehabilitative ultrasound imaging. The correlation between muscle thickness and endurance for maintenance time was evaluated. Results: The prone bridge with both legs and the contraction thickness of the triceps muscle showed a positive correlation (r=0.692, p<0.05); the prone bridge with one leg and the contraction thickness of the internal oblique and transversus abdominis muscles showed a positive correlation (r=0. 545, 0.574, p<0.05, 0.05, respectively). Conclusions: Endurance for the prone bridge exercise with a stable support surface is correlated with the contraction thickness of arm muscles; the prone bridge exercise with an unstable support surface is correlated with the contraction thickness of the deep abdominal muscles.
Introduction
Core stabilization exercise is a common strategy in sports training and rehabilitation [1] . The aim of this exercise is to improve activation patterns and strengthen the deep abdominal muscles [2] . The trunk muscles are primarily important in performance-related activities, but are also involved in maintaining correct posture. The coactivation of the trunk muscles and the extremities is also believed to be important for treatment and prevention of low back injuries [3, 4] .
Core stability is defined as the ability of the lumbo-pelvic-hip complex to return to equilibrium following a perturbation, without buckling of the vertebral column [5] . The lateral muscles, external oblique (EO), internal oblique (IO), and transversus abdominis (TrA), for example, provide stability to the lumbar spine during gross body movements and postural adjustment [6, 7] . Because abnormal or impaired function of these muscles is related to low back pain (LBP),
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The bridge exercise, one of the core stabilization exercises, is a common strategy for improving the coactivation of the abdominal muscles and upper and lower extremities. In particular, the static prone bridge exercise can activate the muscles of the upper and lower extremities, as well as the abdominal, paraspinal, and gluteal musculature, to maintain posture [10] . Moreover, this is both an isometric and wholebody exercise, comprises multiplanar and multi-joint movements, and is safe and effective for multi-joint strengthening.
Rehabilitative ultrasound imaging (RUSI), which allows the visualization of muscle contraction, has been shown to reliably assess the abdominal muscles in various body positions [11] . Measurement of abdominal muscle contraction thickness with RUSI during automatic response is a reliable technique in participants both with and without LBP [12] . In addition, muscle thickness and maximum voluntary contraction of the quadriceps muscle show a significant positive correlation [13] . During the prone bridge exercise, the pectoralis major, anterior deltoid, and triceps brachii, the major muscles of the upper extremity, maintain the prone bridge position [10] .
The purpose of this study was to investigate the correlation between muscle thickness and endurance during the prone bridge exercise. Our hypothesis was that an increase in muscle thickness is positively related to hold time for the static prone bridge exercise.
Methods

Subjects
Fourteen healthy university students (8 men and 6 women) voluntarily participated in this study at Sahmyook University. Inclusion criteria were: (1) no history of LBP for the prior 6 months, (2) no systemic disease that can cause musculoskeletal problems, (3) no deformity or abnormal function that can affect the thickness of abdominal and extremity muscles, and (4) abstinence from physical exercise for 48 hours prior to the examination. Exclusion criteria were: (1) excess alcohol consumption three times a week, (2) use of protein supplements or steroid medications, (3) extreme obesity or very low weight, and (4) inability to complete the entire experimental procedure.
The age of the participants was 24.21 (2.39) years (mean [standard deviation]), the height was 167.96 (5.48) cm, and the weight was 61.25 (8.86) kg. The subjects of the study read and signed an informed consent form approved by the local ethics committee.
Study design
This study used a cross-sectional study design. We measured the thickness of the EO, IO, and TrA muscles at rest, and during the abdominal drawing-in maneuver (ADIM). The cross-sectional area of the rectus femoris and thickness of the triceps brachii were measured with the same protocol, in the resting and contraction state. We measured the duration (seconds) for the prone bridge exercise with one or both legs raised, and investigated the correlation between muscle thickness, cross-sectional area, and the maintenance duration of the prone bridge position.
Experimental procedure
Measurement of thickness of abdominal muscles
Participants were instructed to lie supine, with the hip and knee flexed. Lateral abdominal muscle thickness was measured during the end-expiratory phase. Water-soluble transmission gel was applied to the transducer, which was placed just superior to the iliac crest on the dominant side, in the transverse plane along the midaxillary line [14] . Images were captured when the muscle fiber and apex of the TrA were clearly visible during the expiratory phase, and adjusted so that the EO, IO, and TrA muscles were visible on the monitor. All subjects learned the ADIM using a pressure biofeedback unit (PBU). Each subject was instructed to take a supine position with the knees bent to 90 o , and a PBU (Chattanooga Group Inc., Hixson, TN, USA) was placed under the lumbar spine. Then, the bulb was inflated to 40 mm Hg, and increased by 0-2 mmHg while the subject was instructed in the ADIM, as follows [15] . After a few minutes, the subject was instructed to slowly draw in the lower abdomen without moving the spine, ribs, or pelvis. During the ADIM, ultrasound images of the lateral abdominal wall were captured, to calculate the abdominal muscle thickness with the previously described measurement protocol.
Measurement of cross-sectional area of the rectus femoris
To measure the cross-sectional area of the rectus femoris in the resting state, a water-soluble transmission gel was applied to the transducer, which was placed without any pressure at a point 15 cm away from the superior base of the patella. Cross-sectional area was measured in three-dimen- sional volume mode, with the transducer oriented in the transverse plane, and images were taken [16] . The contraction state of the rectus femoris was measured with a 5-kg sandbag on the ankle during full knee extension, to induce voluntary contraction. The location of the transducer and the measurement procedure were the same as in the resting state.
Measurement of thickness of the triceps brachii
The thickness of the triceps brachii was measured at a point 60% of the distance between the lateral epicondyle of the humerus and the acromial process of the scapula [17] . Triceps brachii thickness was estimated from ultrasound images, with the probe transversally positioned. The muscle thickness was defined as the distance from the interface between the muscle and bone tissue, to the interface between the muscle and fat tissue [18] . Resting triceps brachii thickness was measured with the subject prone on a bed; contraction thickness was measured as the prone subject lowered the arm to the floor and then extended the shoulder to a horizontal position with a 3-kg sandbag on the wrist. RUSI of lateral abdominal muscle, rectus femoris and triceps brachii are in Figure 1 .
Maintenance duration of prone bridge posture
Duration of the prone bridge position was measured with one or both legs raised. The subject would lie prone on the abdomen, with the forearm in contact with the ground, and the trunk slightly raised. Both knees were lifted as a signal was given, and the hold time was measured with a stopwatch. The one-leg position was almost the same, but with the dominant leg raised.
Statistical analysis
Statistical analyses were performed using PASW Statistics ver. 18.0 software (IBM Co., Armonk, NY, USA). The Kolmogorov-Smirnov test was used to assess the normality of the data. The correlations between muscle thickness, cross sectional area, and hold time of the prone bridge position were determined using Pearson's correlation coefficient. According to a citation for this prior study, 0.00<r< 0.19 represent very weak correlation, 0.20<r<0.39 weak, 0.40<r<0.59 moderate, 0.60<r<0.79 strong and 0.80<r< 1.00 very strong [18] . Values were considered statistically significant at p<0.05. Table 1 , among the subjects on inclusion. The correlations between the maintenance duration of the prone bridge and anthropometrics of the subjects are shown in Table 2 . There was no significant correlation between the maintenance duration of the prone bridge exercise with one or both legs raised, but waist circumstance showed a weak correlation with the prone bridge with one leg raised (r=0.360).
Results
General characteristics were
The correlations between muscle thickness, cross-sectional area, and duration of prone plank with one or both legs raised are shown in Tables 3-5 . There was a significant correlation between the maintenance duration of the prone bridge exercise and triceps contraction thickness (r=0.592, p<0.05). The maintenance duration of the prone bridge with one leg raised was significantly correlated with the IO 
Discussion
The prone bridge is one of the core strengthening exercises, which are intended to improve trunk stability by improving the coactivation of trunk and extremity muscles. The bridge exercise is effective for deep abdominal muscle strengthening and improvement of motor control [19] . It is difficult to increase the contraction of the deep abdominal muscles with verbal instruction alone; hence, it is important to describe an effective method for prompting an automatic contraction of these muscles.
The prone bridge is an isometric, multi-joint exercise, and simultaneously activates the muscles of the trunk and extremities [20] . Accordingly, we studied the influence of anthropometrics, and resting and contraction muscle thickness, on maintenance duration of the prone bridge position, to determine the correlation between muscle thickness and endurance.
A previous study reported that the highest level of activity in the abdominal muscles is achieved during the prone bridge on a Swiss ball. The study assessed abdominal muscle activity during a prone, side, and supine bridge, on stable and unstable surfaces [19] . Guthrie et al. [21] investigated the ability of two types of bridging-exercise progressions to facilitate the lateral abdominal muscles during an ADIM in individuals with LBP.
Our results showed that arm, waist, and thigh circumference had a very weak to weak correlation with hold time of prone bridge exercise; the explanation for this is that the number of subjects is too small to determine the correlation between anthropometrics and endurance. This study reports that the maintenance duration of the prone bridge is moderately correlated with contraction thickness of the triceps brachii, and that the prone bridge with one leg raised is correlated with IO and TrA contraction thickness. In other words, for the prone bridge position with a stable support surface, there was a greater correlation with contraction thickness of the triceps brachii, than for the IO and TrA, the deep abdominal muscles. However, because the prone bridge with one leg raised is an exercise that uses an unstable support surface, the contraction thickness of the deep abdominal muscles, IO and TrA, has a greater correlation with maintenance duration than the contraction thickness of extremity muscles. Marshall et al. studied whether or not muscle activity measured during advanced Swiss ball exercise was at an approximate intensity recommended for strength or endurance training; they concluded the unstable support surface provided a significant whole-body stimulus [13] .
Our study had several limitations requiring future research. First, only healthy young adults were included in this study, and the number of subjects was small; the results are difficult to generalize to patients with LBP. Second, we measured the muscle thickness for the concentric contraction state using RUSI, which cannot be a representative exercise method for the deep abdominal muscles. Third, although our methods encourage participants to maintain each of the bridging positions accurately, it is difficult to confirm that the spine and pelvis are aligned perfectly straight during all bridging positions; more precise quantitative devices or methods are needed. Finally, other factors that affect the stability of the lumbo-pelvic region, such as the multifidus spinae, erector spinae, and rectus abdominis, require future investigation.
This study demonstrated that the maintenance duration of the prone bridge exercise with both legs raised is correlated with the contraction thickness of the triceps brachii, and that the exercise with one leg raised is correlated with the contraction thickness of the IO and TrA. Future studies are needed to investigate the correlations between endurance and other variables, to determine the factors that increase endurance for specific exercises.
